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We carried out a downscaling treatment over China using the CarbonTracker numerical model, which was applied using double 
grid nesting technology (3° × 2° over the whole globe, 1° × 1° over China), simulating and analyzing atmospheric CO2 concentra-
tions over 10 recent years (2000–2009). The simulation results agreed very well with observed data from four background atmos-
pheric monitoring stations in China (The periods for which the simulation results and observed values be compared were January 
2000 to December 2009 for the WLG station and June 2006 to December 2009 for the SDZ, LFS, and LAN stations), giving cor-
relation coefficients of >0.7. The high-resolution simulation data correlated slightly better than the low resolution simulation data 
with the observed data for three of the regions’ atmospheric background stations. Further analysis of the annual, seasonal CO2 
concentration variations at the background stations showed that the CO2 concentration increased each year over the study period, 
with an average annual increase of more than 5%, and annual increases of more than 7% at the Shangdianzi and Lin’an stations. 
Seasonal CO2 variations were greater at the Longfengshan station than at the Shangdianzi or Lin’an stations. However, the CO2 
concentrations were higher at the Shangdianzi and Lin’an stations because they are greatly affected by human activities in the 
Jingjinji and Changjiang Delta economic zones. Spatial distribution in CO2 concentrations and fluxes were higher in eastern than 
in western China. 
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CO2 is a greenhouse gas with a long atmospheric lifetime, 
and increases in its concentration will lead to increases in 
infrared radiation absorption by the atmosphere, and, there-
fore, direct radiative forcing. The fourth assessment report 
of the Intergovernmental Panel on Climate Change (IPCC) 
indicated that CO2 concentrations in the atmosphere have 
increased from about 280 µmol/mol before the Industrial 
Revolution to 379 µmol/mol in 2005 [1]. The radiative 
forcing generated by the increase in atmospheric CO2 con-

centrations since 1750 has been 1.66 ± 0.17 W/m2, which 
accounts for approximately 63% of the radiative forcing 
(2.30 ± 0.23 W/m2) generated by all long-lived greenhouse 
gases (CO2, CH4, N2O, and halogenated hydrocarbons). CO2 
radiative forcing increased by nearly 20% between 1995 
and 2005; the biggest change within a decade in the last 200 
years. Global warming caused by CO2, which is the domi-
nant greenhouse gas, is therefore increasingly caused by 
human activities. 

The observation and study of atmospheric greenhouse 
gases started relatively late in China. Several greenhouse 
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gas observation stations were established from the 1980s in 
different regions of China, for different specific purposes 
[2–4]. For example, background atmospheric composition 
stations were established at Waliguan/Qinhai, Shangdian-
zi/Beijing, Lin’an/Zhejiang, Longfengshan/Heilongjiang, 
Xianggelila/Yunnan, Jinsha/Hubei, and Akedala/Xinjiang 
by the China Meteorological Administration (CMA) to ob-
serve CO2 variations in the atmosphere [2,4–7]. Of these 
stations, the Mount Waliguan Global Atmosphere Watch 
Baseline Observation (WLG), the Shangdianzi station 
(SDZ), the Lin’an station (LAN), and the Longfengshan 
station (LFS) have been selected for the World Meteoro-
logical Organization’s Global Atmosphere Watch network 
[8]. 

The CMA has participated in WMO round-robin refer-
ence gas inter-comparison since 1995, and has taken an ac-
tive part in a series of activities organized by the World 
Data Center for Greenhouse Gases, the Quality Assurance – 
Scientific Activities Center, and the World Calibration 
Center. It has also regularly submitted China National Re-
ports of greenhouse gas observations at the background sta-
tions [5]. However, the limited spatial coverage of the cur-
rent surface observation system is not adequate for studying 
regional and global CO2 concentration distributions. 

Numerical simulation is an effective way of studying 
trace components variations in the atmosphere and their 
climatic effects, and can describe the relationship between 
variations in CO2 sources and atmospheric CO2 concentra-
tion, and give better spatial coverage for a long time series 
over a wide area. A combination of actual observations and 
simulation results is the best way of studying the CO2 dis-
tribution and variations in the atmosphere and the source 
mechanisms. CarbonTracker (CT) is an atmospheric re-
trieval model based on the TM5 (Tracer Model, Version 5) 
atmospheric transmission model, developed by the National 
Oceanic and Atmospheric Administration Earth System 
Research Laboratory Global Monitoring Division (NOAA/ 
ESRL/GMD)(http://www.esrl.noaa.gov/gmd/ccgg/carbontra
cker), which combines the atmospheric transmission model 
and the Kalman filter method to estimate changes in CO2 
absorption and emission at the earth’s surface with time 
[9,10]. The CO2 source is traced by comparison with global 
observations. The model is currently applied to North 
America and Europe. 

Here, we verify the applicability of the CT model to 
China and present preliminary CO2 concentration and flux 
simulation results for representative regions of China over 
10 years, 2000–2009. We will also introduce CO2 source 
and sink simulation results and predictions of future CO2 
concentration tendencies in another article, aiming at fully 
understanding the greenhouse gas concentrations and varia-
tions in China, so that the dynamics of the source variations 
can be understood, and so that China can make informed de-
cisions in internal and international climate change policies. 

1  CT model introduction and setting simulation 
parameters 

1.1  CT model 

The CT model uses the “top-down” method and combines 
an atmospheric retrieval model with ground-based observa-
tions, and other data, to establish a linear relationship be-
tween observed data and CO2 sources for the real-time re-
trieval of CO2 sources. The model has seven parts: a bio-
sphere module that provides the terrestrial ecosystem source 
flux; a marine module that provides the air–sea flux; a fire 
module that estimates fire sources; a fossil fuel module that 
estimates emissions from fossil fuel combustion; TM5 
model; observed data; and a Kalman filter data assimilation 
system. The biosphere, marine, fire, and fossil fuel combus-
tion modules provide the initial CO2 source fluxes for CT 
model. The TM5 atmospheric chemical transmission model 
is used to acquire the CO2 concentration flux and other at-
mospheric conditions, and the data assimilation system cor-
rects the optimized simulated CO2 source flux with the 
Kalman filter method according to the observed data. The 
CT model can estimate the amount of carbon released and 
absorbed by natural sources (such as the biosphere, oceans, 
fire) and human activities (such as fossil fuel combustion), 
distinguishing between the natural carbon cycle and carbon 
emission variations caused by human activities. The CT 
model consists of two runs: an inverse run using 150 en-
semble members, and a forward run that follows the inverse 
run. The inverse run determines the optimized flux parame-
ters, but does nothing else, and the forward run is used to 
get all of the required output from the model (gridded fluxes, 
final simulated CO2 values, and high-resolution mole frac-
tions at specific sites). 

1.2  Data sources of priori source, meteorological field, 
and data assimilation 

The biosphere CO2 flux was provided by a biosphere model 
(the Carnegie-Ames Stanford Approach; http://geo.arc. 
nasa.gov/sge/casa/index4.html). CO2 absorbed by the ocean 
was calculated from the air-sea partial pressure difference 
[11,12]. CO2 released by fire was obtained from the Global 
Fire Emission Database version 2 (http://ess1.ess.uci.edu/ 
~jranders/data/GFED2) [13]. Emissions from fossil fuel 
combustion were taken from the United States Department 
of Energy Carbon Dioxide Information Analysis Center 
data on carbon dioxide discharged from global average total 
fossil fuel combustion (http://cdiac.ornl.gov/trends/emis/ 
meth_reg.html) [14]. Data for the meteorological fields that 
drive the CT model were from the European Centre for Me-
dium-Range Weather Forecasts (ECMWF) (http://www. 
ecmwf.int/research/ifsdocs/CY28r1/index.html). The global 
3° × 2° data products from the ECMWF provided the global 
3° × 2° meteorological field resolution in the CT model  
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directly. The 1°×1° meteorological data in the Asian region 
were obtained from the initial ECMWF data using the same 
handling method as for the global 3°×2° field but 
downscaling the simulation to the China region. The data 
assimilation system observational data mainly came from 
observed data from global and regional aerial surveys, 
ground-based observations, and NOAA ESRL laboratory 
high-tower data. The model results are from the forward run 
without using observed data. 

1.3  Simulation setup 

The CT model is based on the TM5 model, using global 
two-way grid nesting technology, nesting the regional grid 
in the global coarse resolution grid. The study is focused on 
the Chinese region, so the model is designed using a global 
3° × 2° grid and a 1° × 1° grid in the Asian region. Figure 1 
shows the simulation region and the nested region, D1 
(global) having a resolution of 3° × 2° and D2 (Asian) hav-
ing a resolution of 1° × 1°. 

2  Verification of the CT simulation results 

Because the priori source data for the CT model are at the 
global scale, the reliability of the simulation results for the 
Chinese region was verified by comparing them with ob-
served values. Continuous CO2 observations in China are 
mainly available from the WLG, SDZ, LFS, and LAN sta-
tions. We compared the CT model simulation results with 
the observational CO2 data from these stations to verify the 
reliability of the simulation results. 

2.1  Observation stations and observed data 

The four background atmospheric measurement stations 
selected for the study are located in different ecoclimatic 
regions in China [6] and are reasonably representative of the 
region. The observed data are the continuous flask sampling 

analysis results from each of the stations, which were ob-
tained from identical sampling, analysis, and data pro-
cessing methods at each station, and are comparable with 
other international datasets [15]. Flask sampling started at 
the WLG station in 1990, and samples obtained before 2006 
were sent to the NOAA/ESRL laboratory for analysis. Four 
flask sampling series were conducted after 2006, two of 
which were sent to the NOAA/ESRL for analysis, the other 
two being analyzed by the China Meteorological Admin-
istration. The results for the 2006–2009 samples showed 
that the two laboratories gave very similar results (R2 = 
0.9669, n = 318) (Figure 2). The flask sampling at the other 
three background stations started in June 2006. Therefore, 
the periods for which the simulation results and observed 
values can be compared were January 2000 to December 
2009 for the WLG station (because of the long flask sam-
pling and analysis data time sequence from the NOAA/ 
ESRL laboratory and because the results were consistent 
with the domestic laboratory results; the NOAA/ESRL 
analysis results, available at ftp://ftp.cmdl.noaa.gov/ccg/co2/ 
flask/event/co2_wlg_surface-flask_1_ccgg_event.txt, were 
selected for comparison) and June 2006 to December 2009 
for the SDZ, LFS, and LAN stations (the observed data be-
ing the results of the analysis by the China Meteorological 
Administration). 

The simulation results may be different from the ob-
served results because the simulation results are given for a 
grid and the model output is the numerical value for the grid 
point where the observation station is located, which is 
slightly different from the actual station location. The 1° × 
1° and 3° × 2° grid parameters for the observation stations 
are listed in Table 1. 

2.2  Model verification 

We compared the simulation results for the two resolutions 
(1° × 1° and 3° × 2°) at each station with the observed val-
ues to verify the reliability of the simulation results and to  

 

 

Figure 1  The two-way nesting grid used in this study. 
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Figure 2  CO2 flask sampling results from the NOAA/ESRL and CMA 
analyses.  

assess the influence of the resolution on the simulation re-
sults. The results are shown in Figure 3. The simulation 
results for all of the stations fitted the measured data well 
(Figure 3(a), (c), (e) and (g)). Linear regression analysis of 
the simulation results at the two resolutions with the meas-
ured data (Figure 3(b), (d), (f) and (h)) showed that the SDZ 
station had the best correlation (with an R greater than 0.9), 
the LFS and WLG stations had the next best correlations 
(each with an R of approximately 0.85), and the LAN sta-
tion had the poorest correlation (but still with an R greater 
than 0.7). It can be seen that, except for at the WLG station, 
the correlation between the 1°×1° simulation results and the 
observed data was better than between the 3°×2° simulation 
results and the observed data, indicating that downscaling 
the model gives results much closer to the values measured 
at the regional stations. 

3  Results and discussion 

The CT model can be seen to effectively reflect the ob-
served data, from comparing the simulation results and the 
actual measurements. Further analyses of the simulation 
results, to investigate the long-term (2000–2009) variations 
in CO2 concentrations in different areas of China are shown 
below, and, in particular, the results was trace back to 
changes trend in CO2 concentrations at the regions back-
ground atmospheric stations (2000–2006) (i.e. flask sam-
pling at the SDZ, LFS, and LAN background atmospheric 
stations started in June 2006). 

3.1  Annual CO2 concentration variations 

Table 2 shows the annual mean CO2 concentrations from 
the 1° × 1° resolution simulation results for the four back-
ground atmospheric monitoring stations from 2000 to 2009. 
The annual mean CO2 concentration at each station in-
creased every year. 

Figure 4 shows the monthly mean CO2 concentration 
simulation results, which rise, in agreement with the daily 
mean CO2 concentration trend (Here is no display), from 
2000 to 2009. The SDZ and LAN stations showed relatively 
sharp rises, increasing by 27.89 μmol/mol and 26.75 μmol/ 
mol (equivalent to increases of 7.31% and 7.03%), respec-
tively, over the 10 years studied. The changes at the SDZ 
and LAN stations are caused by regional human activities. 
In contrast, the LFS and WLG stations showed relatively 
slow increases in CO2 concentrations, by 20.56 μmol/mol 
and 20.27 μmol/mol (equivalent to increases of 5.44% and 
5.46%), respectively, over the 10 years studied, possibly 
because CO2 concentrations at these stations are mainly 
affected by the regional ecological systems. The back-
ground atmospheric CO2 concentration at the WLG station 
was relatively low and changed smoothly, similar to the 
global average atmospheric CO2 concentration trend. The 
global average atmospheric CO2 concentration in 2009 was 
386.8 μmol/mol [16]. The validation results showed that the 
CT model predicted slightly higher average rates of CO2 
concentration increases for the four stations studied in Chi-
na than has been reported for the globe for the same period 
[16] or from satellite observations for China between 2003 
and 2008 [17]. 

3.2  Seasonal CO2 concentration variations 

Figure 5 shows clear seasonal variations in the 1° × 1° res-
olution CO2 concentration simulation results for each of the 
background station grids in the 10 years studied (2000– 
2009). Seasonal variations in the background CO2 concen-
trations are caused by CO2 uptake and release processes in 
the geo-ecosystem, CO2 emission from human activities, 
CO2 uptake by the ocean, and some specific events [18,19]. 
The atmospheric CO2 concentration reached a clear mini-
mum every summer and a maximum mainly in the spring or 
winter, which fits the trend seen in the observed data [6,20]. 
The CO2 concentration at the WLG station showed typical  

Table 1  Locations of the stations and the grid points for the stations in the model 

Station 
Station 1° × 1° grid 3° × 2° grid 

Longitude (°) Latitude (°) Longitude (°) Latitude (°) Longitude (°) Latitude (°) 

WLG 100.90 36.29 100.5 36.5 100.5 37.0 

SDZ 117.07 40.39 117.5 40.5 118.5 41.0 

LFS 127.60 44.73 127.5 44.5 127.5 45.0 

LAN 119.73 30.30 119.5 30.5 118.5 31.0 
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Figure 3  Comparison of 3° × 2° and 1° × 1° simulation values with observed CO2 concentrations from the flask sampling in four stations ((a) WLG; (c) 
SDZ; (e) LFS; (g) LAN) and linear regression analysis of the simulation results at the two model resolutions with the measured data ((b) WLG; (d) SDZ; (f) 
LFS; (h) LAN). 

spring maxima and summer minima, with a range of 7.81 
mol/mol. This result agrees with the long-term observation 
data from the WLG station, and is caused by the strong in-
fluence of the biosphere on the atmosphere. 

The seasonal variation in the atmospheric CO2 concen-
tration was significant at the LFS station (with a seasonal 

fluctuation of 14.71 mol/mol), and the CO2 concentration 
here is mainly affected by the ecological system rather than 
anthropic emission. In contrast, the SDZ and LAN station 
data reflect CO2 concentrations in more developed areas, 
mainly being affected by anthropogenic emissions. Seasonal 
anthropogenic emission variations in these developed areas  
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Table 2  Annual mean CO2 concentrations at the four background at-
mospheric monitoring stations for 2000–2009 (unit: µmol/mol) 

Year LAN LFS SDZ WLG 

2000 380.51 377.94 381.45 371.54 

2001 381.69 379.33 382.95 373.48 

2002 384.15 381.71 384.73 375.04 

2003 389.23 385.04 390.26 378.32 

2004 393.35 386.34 395.06 380.44 

2005 394.97 389.52 396.72 384.25 

2006 400.25 394.65 403.72 387.03 

2007 401.86 395.40 406.02 387.70 

2008 405.42 398.46 407.08 390.06 

2009 407.26 398.51 409.35 391.81 

Total increase in 10 a 26.75 20.56 27.89 20.27 

Percentage increase in 10 a (%) 7.03 5.44 7.31 5.46 

 
 

 
Figure 4  Monthly mean atmospheric CO2 concentrations at each back-
ground atmospheric station from 2000 to 2009. 

are not distinctive, so the seasonal atmospheric CO2 con-
centration ranges are lower at the SDZ and LAN stations 
than at the LFS station. However, the Jingjinji and Chang- 
jiang Delta economic zones, which are near the SDZ and 
LAN stations, are industrialized and urbanized areas that 
have large populations and high CO2 emissions caused by 

human activities, so the CO2 concentrations are higher at the 
SDZ and LAN stations than at the LFS station. 

3.3  CO2 concentration and net flux variations 

Figures 6 and 7 show averaged seasonal variations in the 
spatial distribution of CO2 concentrations and fluxes over 
China for 2000–2009 (spring = March–May, summer = 
June–August, autumn = September–November, winter = 
December–February of the next year). 

The atmospheric CO2 concentrations over China were 
generally higher in the east than in the west. Specifically, 
high CO2 concentration, of up to 420 μmol/mol, was found 
in eastern Sichuan, southwestern Chongqing, southern 
Shanghai, Jiangsu and Hebei, northern Henan, Beijing, 
Tianjin and the northeast. Atmospheric CO2 concentrations 
were around 380–390 μmol/mol in northwestern China and 
Tibet. These differences could be explained by the differ-
ences in vegetation in the eastern and western regions, but 
China has been developing economically at a very high rate, 
and uneven regional economic development will have led to 
regional differences in atmospheric CO2 concentrations. 
The CO2 concentrations were different in different seasons, 
and the CO2 concentration was lower overall in the summer 
than in the other seasons. 

The CO2 flux simulation results show that the average 
net CO2 flux was positive between 2000 and 2009, meaning 
that China was a net carbon source (except in the summer). 
The spatial distribution of the CO2 fluxes was similar to the 
distribution of the CO2 concentrations, and the distribution 
characteristics were consistent with the CO2 emission 
sources that have been reported [21]; that is, gradually de-
creasing from east to west. Tibet, western Sichuan, northern 
Inner Mongolia, and southern Xinjiang CO2 emission fluxes 
were very low, and almost zero.   

 

 
Figure 5  Seasonal atmospheric CO2 concentration means in different years at the four stations. (a) WLG; (b) SDZ; (c) LFS; (d) LAN. 
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Figure 6  (Color online) Averaged seasonal variations in the spatial distribution of CO2 concentrations over China between 2000 and 2009. (a) Spring;   
(b) summer; (c) autumn; (d) winter. 

 
Figure 7  (Color online) Averaged seasonal variations in the spatial distribution of CO2 fluxes over China between 2000 and 2009. (a) Spring; (b) summer; (c) 
autumn; (d) winter. 

Figure 8 shows the spatial distribution of the growth rate 
of the CO2 concentrations, comparing 2008 with 2001. The 
growth rate has obvious regional characteristics, with the 
most significant areas of increasing concentrations being 
Jingjinji, the Changjiang Delta, the Pearl River Delta, east-
ern Sichuan, and Chongqing. This distribution is consistent 
with the four main economic zones and the high-speed 

economic development zones, which have high levels of 
anthropogenic emissions. 

4  Conclusions 

(1) We downscaled the CO2 concentration simulation for  
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Figure 8  (Color online) Spatial distribution of the growth rate of CO2 
concentrations (i.e. the ratio of the CO2 concentration in 2008 to the CO2 
concentration in 2001). 

China using a nested grid in a CT model, and found good 
agreement between the simulation results and the observed 
data by comparing the long-term CO2 concentrations ob-
served at four background atmospheric monitoring stations 
in China with the CT model simulation results in the grids 
containing those stations. We also found that the high-  
resolution simulation results (1° × 1°) were more accurate 
than the low resolution simulation results (3° × 2°). 

(2) The CT model simulation results showed that the CO2 
concentrations rose year-on-year for the 10 years studied at 
the four background atmospheric monitoring stations. In-
creases in the CO2 concentrations were higher at the SDZ 
and LAN stations than at the WLG and the LFS stations. 
Seasonal CO2 concentration variations were higher at the 
LFS station than at the SDZ and LAN stations, which re-
flects, to some extent, the background atmospheric CO2 
concentrations in the more developed regions where the 
SDZ and LAN stations are located. The LFS station repre-
sents undeveloped areas that are relatively little affected by 
anthropogenic emissions. Seasonal fluctuations fitted the 
trend found in the observed data. 

(3) The CT simulation results showed that the CO2 con-
centrations and fluxes were higher in the east than in the west 
of China, which matches the level of economic development, 
population density, and CO2 emission source distributions. 
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